).
INTRODUCTION
Drosophila species have invaded a wide range of terrestrial habitats and differ greatly in their desiccation resistance (Gibbs et al. 2003) . Both laboratory and natural populations have adapted to desiccation stress through reduction in respiratory as well as cuticular water loss (Gibbs et al. 1997; Gibbs 2002) . A strong negative correlation has been shown between respiratory water loss and desiccation resistance (Gibbs et al. 2003) . However, cuticular impermeability has been associated with changes in the amount of cuticular lipids, e.g. correlative analyses (Hadley 1994) , and by clinal variation in Melanoplus sanguinipes (Rourke 2000) and in Zaprionus indianus (Parkash et al. 2008a) . By contrast, a similar quantity of surface lipids in seven Drosophila species from mesic versus arid habitats did not account for variable cuticular water loss (Gibbs et al. 2003) . Further, lack of differences in the amount of cuticular lipids per fly cannot explain the desiccation cline in latitudinally varying populations of Drosophila melanogaster from India (Parkash et al. 2008a) . Thus, there is lack of direct supporting evidence for the water proofing role of cuticular lipids in some Drosophila species (Gibbs 2002) . However, in some insect taxa, the target of selection might be cuticular melanization; e.g. a negative correlation between body melanization and rate of cuticular water loss has been shown in D. melanogaster (Parkash et al. 2008b) . Thus, there may be different modes of water-proofing mechanisms in ectothermic insects living under drier habitats.
The desiccation cline was earlier investigated only for males in the latitudinal populations of Drosophila kikkawai (Karan & Parkash 1998) . Such geographical variation in desiccation resistance match climatic conditions (tropical humid versus drier subtropical) on the Indian subcontinent. However, this study did not consider the mechanistic basis as well as the evolutionary response of female body colour polymorphism to desiccation. In the montium species subgroup, females of some species including D. kikkawai exhibit body colour dimorphism (dark and light), while males are either consistently dark (Drosophila auraria, Drosophila baimaii, Drosophila burlai, Drosophila rufa and Drosophila jambulina) or light (D. kikkawai and Drosophila bicornuta; Ohnishi & Watanabe 1985) . For both sexes, we found clinal variation in desiccation resistance but their underlying mechanistic bases were not similar. Desiccation resistance was positively correlated: (i) with changes in the amount of surface lipids in males; and (ii) with changes in body melanization in females. We present data for divergence in the modes of water-proofing mechanisms across sexes in montane populations of D. kikkawai.
MATERIAL AND METHODS
Wild-living D. kikkawai flies (n ¼ 150 -180 per population) were collected by net sweeping in September 2007 from six altitudinal sites (table 1) and 30 isofemale lines per population were maintained for three generations at 218C before experimental analyses. Drosophila kikkawai shows body colour dimorphism for the last two abdominal segments (sixth and seventh) in females but males are non-melanic. For each population, different isofemale lines that gave either all dark or all light progeny were considered as true breeding strains and these were checked for homozygosity for eight generations. We confirmed the genetic basis of colour dimorphism through crosses (F 1 and F 2 ) between dark versus light homozygous strains that resulted in a 1 : 2 : 1 genotypic ratio characteristic of monogenic control; in F 1 the dark allele (for sixth and seventh segments) was dominant to light at 218C. However, heterozygous phenotypes were identified on the basis of average melanization score (mid values between parental dark and light strains) of the four anterior abdominal segments.
Melanization was estimated from a lateral view of the abdomen ranging from 0 (no melanization) to 10 (complete melanization) for each of the six abdominal segments (second to seventh) following Parkash et al. (2008b) . The data on per cent melanization were calculated as ((S observed weighted melanization scores of abdominal segments per fly)/(S relative size of each abdominal segment Â maximum melanization score of 10 for each segment)) Â 100. Furthermore, desiccation resistance, cuticular water loss, total body water, dehydration tolerance and cuticular lipid mass per fly were analysed following Parkash et al. (2008a) .
Clinal variation was analysed on the basis of population means (n ¼ 30 isofemale lines) and data were used for illustrations. For colour dimorphism in females, we scored dark (60-75%), intermediate (40-50%) and light (25-35%) phenotypes that correspond with their respective genotypes. The allele frequency was calculated from wild-caught females (n ¼ 80 per population) on the basis of the Hardy-Weinberg Law. For each population, data on five dark as well as five light isofemale lines were used for correlations and regression analyses. The significance of the slopes were tested by t-tests. For regression analysis with body melanization, the data were arcsine transformed. Statistical calculations and illustrations were made with STATISTICA 5.0. figure 1a) , desiccation resistance and dehydration tolerance but a negative cline for cuticular water loss (table 1) . Another interesting observation is the lack of altitudinal changes in the amount of cuticular lipids per fly in females ( figure 1b) . However, desiccation resistance is correlated with body melanization and the data are shown in figure 1f . In order to check whether desiccation-related traits differ between morphs as well as populations, we compared dark and light homozygous strains from high-versus lowland populations and the data are shown in table 2. At the intrapopulation level, there are significant differences between dark versus light morphs for desiccation-related traits in highland as well as lowland populations (table 2) . However, a statistical comparison of trait values in dark versus dark as well as light versus light female homozygous strains from highland versus lowland populations showed non-significant differences (table 2) . Thus, trait values do not vary in homozygous dark or light strains across an elevational gradient. However, the population mean values differ owing to changes in the morph frequency.
For both the morphs, there are significant regression slope values as well as coefficients of determination (r 2 ) for desiccation-related traits as a function of body melanization but regression coefficients are non-significant for cuticular lipids (table 3) . However, consistent differences in the amount of cuticular lipids per fly were observed in dark versus light morphs (higher values in light morph; figure 1c), i.e. changes in cuticular lipids may be independent of changes in melanization.
(ii) Males Males from all the populations are non-melanic (tables 1 and 2). Clinal variation is evident for desiccation-related traits in the males of six altitudinal populations, i.e. elevational slope values are similar and positive for desiccation resistance and dehydration tolerance but negative for cuticular water loss (table 1) . Changes in the amount of cuticular lipids per fly reflect clinal variation (figure 1b) as well as for the quantitative variability in isofemale lines (figure 1d ). Correlations between desiccation resistance and cuticular lipids are shown in figure 1e. However, cuticular lipids per fly, desiccation resistance and dehydration tolerance are higher in males from highland than lowland populations (tables 1 and 2). Accordingly, the cuticular water loss in males is negatively correlated with cuticular lipids as well as desiccation resistance (table 1) . A regression analysis of changes in desiccation-related traits as a function of cuticular lipids per fly showed a significant slope as well as r 2 values, while such values are non-significant with body melanization (table 3) .
DISCUSSION
The ecological success of different Drosophila species depends upon the diversity of adaptive mechanisms to cope with environmental stresses. Drosophila species from contrasting habitats (xeric versus mesic; tropical versus subtropical; and increasing aridity along elevational gradients) face strong selection pressure on their water balance mechanisms. In insects, the cuticle is the interface between physiological systems and environmental conditions; and changes in cuticular components are expected to confer desiccation resistance. Evidence in favour of cuticular lipids as barriers for cuticular water loss include: (i) negative correlation between melting temperature (T m ) and cuticular water loss based on correlative analyses (Hadley 1994) ; and (ii) changes in the amount of cuticular lipids (approx. 56-110 mg cm In D. kikkawai females, neither dark nor light morphs show geographical variation in the amount of cuticular lipids per fly, and thus cannot account for a reduction in cuticular water loss. Interestingly, there is a negative relationship between cuticular lipids and body melanization in the dark and light morphs (figure 1c). We may infer that changes in cuticular lipids (i.e. 50% more in light female morph) are independent of changes in body melanization in D. kikkawai. However, darker flies from the highland population result from more than twofold increase in the frequency of the dark allele in the females (table 1) . The observed allele frequency changes for body colour morphs in females result in darker flies with a higher desiccation resistance but reduced cuticular water loss in highland populations, while the reverse is true for lowland populations. There is evidence in support of the melanism-desiccation hypothesis (based on a water-proofing role of cuticular melanization). For example (i) in latitudinal populations of D. melanogaster, body melanization changes are negatively correlated with cuticular water loss Water balance mechanisms in D. kikkawai R. Parkash et al. 573 (Parkash et al. 2008a); and (ii) at within-population level, assorted darker and lighter flies are negatively correlated with changes in cuticular water loss (Parkash et al. 2008b) . Thus, changes in the body melanization may provide a water-proofing role in the females of D. kikkawai. Further, in insects as well as Drosophila species, respiratory water loss accounts for less than 10 per cent of total body water loss; and there is a negative correlation between respiratory water loss rates and desiccation resistance (Gibbs et al. 2003) . A possible explanation for the reduction in respiratory water loss could be a lower metabolic rate in melanic flies, leading to water conservation. However, this aspect has not been analysed in the present studies.
In conclusion, our results are novel in showing sexual dimorphism for water balance mechanisms in D. kikkawai. Our data have shown quantitative variation in cuticular lipids per fly in the males, while a discrete colour polymorphism results in varying body melanization levels in females. For desiccation-related traits, there are significant differences in the altitudinal slope values for both the sexes (table 1), i.e. there may be different responses to selection pressures for body melanization in females versus cuticular lipids in males. We suggest that in the melanic species, body melanization serves as a barrier for cuticular water loss while in non-melanics, cuticular lipids play a similar role.
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